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SINGLEROUGHNESSELEMENTS

By PaulF.Brinich

SUMMKRY

Temperaturesweremeasuredontheexternslsurfaceofa straight
hollowcylinderalinedparalleltotheairstrefi.ThestreamMachnum-
berwas3.12,theReynoldsnumbervariedbetween1x1(I5and7x105per
inch,andtherewasnegligibleheattransferbetweenthecylinderandthe

.

Fromthetemperaturemeasurements,itwaspossibletoobtain
s ‘tremolaminarandturbulentrecoveryfactorsandtransitionlocationsforthe

cylinderwithandwithoutsingleroughnesselements.Thepeakinthe
surfacetemperaturewasfoundto coincidewiththemeanlocationofthe
transitionpointasdeterminedfromschlierenobservation.Withno
roughnesselement,thetransitionReynoldsnumberwasfoundtovaryap-
pro-tely asthesquarerootofthestreamReynoldsnuniberperinch.
Thedataforthesingleroughnesselements werecorrelatedaccordingto
Drydentslow-speedcorrelationparameter;however,thepresentresults
showthatthreeto seventimestheroughnessintensityisnecessaryat
Mach3.12toaffecttransitionthanis requiredatlow subsonicspeeds.

INTRODUCTION

level of severslsupersonicwindtunnelshaving
andReynoldsnumbershasbeenstudiedinreference

Thedisturbance
variousMachnumbers
1 by usingan experimentaltechniqueinwhichthesurface-temperature
distributionofa thin-walledconewasmeasured.Inreference2 the
sametemperaturemeasuringtechniquewasusedinconjunctionwitha
statisticalstudyoftheinstantaneous-transition-pointlocationobtained
fromhigh-speedschlierenphotographs.Inthepresentreport,surface-
temperaturemeasurementswereu~ilizedto studytransitionona hollow
cylinderalinedparalleltotheairflow.Theinvestigationwasconducted
intheLewis1- by l-footvariableReynoldsnumbertunnelatl.kchnumber
3.12.Thetunnelisthesameasthatusedintheinvestigationreported
inreference2.

. . . —. -.+_—__ _. ___ .—-— --——.-..
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Twofactorswhichare&own frompastexperiencetoaffectthelo-
cationoftransitioninsupersonicwindtunnelsaredensityleveland
singlesurfaceroughnesselements.Inreference3,itisshownthata
changeintunneldensitylevelcorrespondingtoa changeinReynolds
nuniberperinchfrom7K@ tolxl@ atMach3.05produceda 2:1reduction
inthetransitionReynoldsnumberforcylinderssimilartotheonetested
herein.Theseresultswereobtainedby estimatingthemostprobable
locationoftransitionfroma largenumberofschlierensparkphotographs
ateachtunneldensitylevel.Thefirstpart ofthepresentinvestigation
wasanattempttoverifyby anindependentmethodthetrendsofthepre-
viousschlierenresultsandtoprovidezero-roughnesstransitiondatato
be usedasa comparisoninthesubsequentanalysisofroughness-induced
transition.Inaddition,thesurface-temperaturemeasurementsprovided
dataforcomputingexperimentallaminar,transitional,andturbulent
recoveryfactorsfora flowwithzeropressuregradient.

Thesecondpartoftheinvestigationconsistedofa studyofthe
effectofsingle-roughnesselementsontransition.Thisstudywasun-
dertakentodeterminewhetherroughness-inducedtransitionat supersonic
speedsdifferedessenticdlyfromthatobservedatverylowspeeds.Pre-
viouslow-speedstudiesofroughness-inducedtransitionhavebeencon-
cernedprimarilywiththeeffectsof singleroughnesselements,since
thisisa rathersimpleformto investigateandhassomepracticalen- b
gineeringapplications.Pastresesrchontheinfluenceofsinglerough-
nesselementshasbeendirectedalongthefollowingthreechannels:

(1)Findingtheminimum-sizeelementwhichwillaffectthenatural
positionof’thetransitionpoint(ref.4)

(2)Determinationoftheminimum-sizeelementwhichwillestablish
transitionattheelement(ref.5)

(3)Estimatingtheeffectof singleroughnesselementsonthetrans-
itionpointwhereveritmaybe (refs.6 to9)

Forlow-speedflowsthedesire(1)tofindthesmallest-sizeelement
whichwouldaffectthenaturallocationoftransitionwasprompted
lsrgelybypracticalconsiderationsinthedesignandfabricationof
lsminar-flowairfoils.Itisforpreciselythesamereasonthatsuch
a studywouldbe ofinterestat supersonicairspeeds.

fiowledgeoftheconditions(2)requiredtoestablishtransitionat
a roughnesselementisofparticularinterestinboundary-layerstudies
inwhichitisdesiredto simulateboundarylayerswhicharecompletely
turbulent.Anotherapplicationmaybe inpreventinglaminarseparation
neartheinletsof supersonic’diffusersby producinga turbulentboundary
layerintheregionsof strongadversepressuregradients.
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Knowledgeofthemorecomprehensiveobjective(3),thedetermination
oftheeffectof singleroughnesselementsonthetransitionpoint
whereveritmaybe,isprobablyof@eatervalueinunderstandingthe
fundamentalroleofroughnessinpromotingtransition,sinceitauto-
maticallyincludesobjectives(1)and(2). In
experimentaldatatobepresentedwillmakeit
validityofvariouslow-speedcorrelationsfor

thepresentcase,the
possibleto evaluatethe
useat supersonicspeeds.

SYMBOLS

Thefollowingsymbolsareusedinthisreport:

c>cl)
k

L

M

P

Pr

P

q

R

Ret

‘et,o

T

u

UI

‘k

“c

x

C2 numericalconstants

heightofroughnesselement,in.

screenmeshsize

~ch number
I?-PCO

pressurecoefficient,P = q

Prandtlnumber

staticpressure

dynamicpressure,} ~%2
Tw-!l&

temperature-recoveryfactor,R =
‘o-~

transitionReynolds

transitionReynolds

Wnxt
number,—v

Wt ()
numberforzeroroughness,v

absolutetemperature

velocity

turbulentvelocityperturbationinfreestream(rmsvalue)

velocityatdistancek fromsurfaceinabsenceofelement

rshearvelocity,~ = w
z

distancefromTeadingedge,in.
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A’

v

P

T

Subscripts:

o

w

a

distancefromleadingedgetoroughnesselement,in.

distancefromleadingedgetotransitionpoint,in.

distancefromleadingedgetotransitionpointforzero
roughness,in.

displacementthicknessofboundarylayer,& .J6 (,- JX_Jdy

displacementtbiclmessat Xk inabsenceofroughness
element

Taylor’sfluctuatingpressure-gradientparameter(ref.13)

kinematicviscosityinfreestream

massdensity

frictionalshesrstress

stagnationconditions

walJconditions

free-streamcondition$

APPARATUSANDPROCEDURE

Surface-temperaturemeasurementsweremadeona hollowcircular
cylinderwithan outsidediameterof5.31inchesandan over-alllength
of33 inches.Theconstructionconsistedofa thinoutershell.supported
onaninnerhollowcylinder,strut-mountedfromthethmnelwall.Between
theoutershellandthecylinderwasa Fiberglasheatinsulatingbushing.
Pertinentconstructiondetailsanddimensionssxegiveninfigure1.

Theoutershellwasmadeof0.030-inch-thick18-8stainlesssteel.
Theshellwasformedbyrollingfromflatstockandbuttweldingalong
thelength.Thefinishingo~erationconsistedof spinningona mandrel,
polishing,amdturningtheSointernslbevelattheleadingedge.The
leadingedgewasappro-tely 0.006-inchthick,whichisaboutthemini-
mumthicknessconsistentwiththepreventionofbucklingforthematerial
used. Theheightofthepolished-surfaceirregularitieshada valueof
about12microinches,rootmeansquare.

d
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TemperaturemeasurementsontheoutershelJwereobtainedfrom50
stainless-steel- constantanthermocoupleslocatedatl/2-inchintervals
alonga generatorofthecylinderbeginningata pointl; inchesfromthe
leadingedge.Thestainless-steel- constantarithermocouplesonthe
modelwereformedby soft-solderingconstantanthermocouplewireinto
smallholesdri31edinthethinstainless-steelshell.A self-bal~cing-
ty-pepotentiometerwitha l-millivolttotal-scaledeflectionwasused
formeasuringthethermocouplevoltage.Thereferencejunctionwasmain-
tainedclosetoroomtemperature.

Inorderto obtaintemperaturedistributionsalongvariousgenerators
ofthecylinder,provisionsweremadeforrotatingtheoutershell.Thus
itwaspossibletodeterminewhethertransitionoccurredata given
longitudinalpositiona12aroundthemodelfora giventest-sectionRey-
noldsnumber.

Theroughnesselementswhichwereusedtopromotetransitionconsisted
ofsixringsmadeofthefollowingsizesofwire: k = 0.005,0.010,0.020,
0.032,0.052,and0.079inch.Theseringswereusedsinglyandwere
locatedinvariouspositionsalongthemodel.Theywereformedby pulling
a loopofwiretautaboutthemodelandsoft-solderinga lapjoint.The
wiresweremaintainedinposition-byfriction.

Testswereruninthe1-by l-footvariableReynoldsnumberwind
tunnelatMach3.12.Thisisthesametestfacilityusedinearlier
boundary-layermeasurementson cylindersre~ortedinreference3,although
theoriginalsmallentrancereservoirwasreplacedwitha largereservoir
havingturbulencedampingscreensanda.honeycombflowstraightener.
Thesetwoentrancereservoirsaredescribedinreference2,whereacom-
parisonismadeoftransitionphenomenaona conicalmodeltestedin
boththeoriginalandrevisedtunnelarrangements.

Stagnationpressuresinthetunnelreservoirwerevariedfromabout
7 to50poundspersquareinchabsolute.Stagnationtemperatureswere
maintainedabout50°F (+12°,-6°)andweresufficientlysteady(A0.50F)
sothatsuccessivetemperaturemeasurementsalongthemodellengthcould
bemadeundersubstantiallyconstantstagnationconditions.Therange
ofReynoldsnumberper.inchinthetestsectionwaslxl~ to i%105.

Temperaturedistributionsalongthemodelwereobtainedby succes-
sivelyreadingthetemperatureat eachthermocouplebeginningatthe
leadingedge.Totalelapsedtimeforreading50thermocoupleswasabout
1 minute.Mostofthetransitionlocationswereobtainedby readingthe
temperatureonlyinthevicinityofthetemperaturepeak,whichwas
foundtooccurat the.meanofthe’transition-pointlocationsas indicated
by simultaneousschlierenphotographsoftheboundarylayer.Thelight
sourceusedto obtainthescblierenphotographs.hada durationof about

,. .:
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1 microsecond;hencethe-resultingphotographsshowedtheinstantane- .

ouspositionofthetransitionpoint,whereasthetemperaturemeasure-
mentsgavea statisticalaverageposition.

Theesthatedabsoluteerrorinthetemperaturemeasurementswas
approximatelyd41.25°l?,whereastherelativeerrorwasonlyN.1OOF.
Theprobableerrorinvolvedh measuringtransitionlocationson imLl.-
vidualschlierenphotographswaslessthan@.5 inch.

PREmamRY coI?sIRERATIom

Beforesmaccurateevaluationoftheeffectofdensityleveland
roughnesselementsontransitionlocationcanbemade,itisfirstnec-
essaryto considerthepossibleitiluenceofotherparameterswhich
arealsolmownto affecttransition.Theseare(1)pressuregradient,
(2)turbulencelevel,(3)heattransfer,(4)Machnumber,(5)shock
wavesintheflow,and(6)leadlag-edgebluntness.

An examinationofthepressure-coefficientdistributionsoverthe
model(fig.2) titicatesthata smallfavorablepressuregradient

(:—=-0.005]in.approx.)existedforwardonthemodeluptox = 5 inches.
Fromx = 5 tox = II inches,thegradientwasunfavorableandhada
valueof0.001perinch.Thesewerethemin3mumandmaxinnnngradients
observedoverthatpartofthecylinderwheretheflowmightbe laminar.
Gradientsofsuchmagnitudehavebeenshowntobe negligiblein establish-
ingcertaincriteriaforcompletestabfiityofthelaminarboundm-’y
layer,asinreference10. Thepressuregradientsencounteredinthe
presenttestsmaythereforebe inferredtohavelittle,ifany,effect
onthelocationoftransition.

Hot-wire turbulencefitensitymeasurementsw&e madeintheentrance
ofthetunnelcont=ctionwhere thefree-stresmvelocitywasabout120
feetpersecond.A lotofturbulentintensityu’/u= againstReynolds

?nuniber~erinch u v isgivenh fi~e 3. Thelowestvaluesoftur-
bulentintensityweremeasuredatthehighestandlowestdensitylevels,
anda maxhuntitensityof1 percentwasnotedatan intermediatedensity
value.Withtheturbulenceatthebeginningofthetunnelcontraction
assmnedisotropic,a czed valuefortheturbulentintensityh the .
testsectionmaybe foundaccordtigtoreferenceIi. Byneglectingthe
effectofviscousdecsyofturbulence,theinfluenceofthetunnelcon-
tractionistoyieldan est~ted valueoftheturbulentintensityfor
thetestsectionofonly6 percentoftheinitialvalueattheentrance.
It shouldbenoted,however,that.thiscomputationdoesnottakeinto

.

accountanystisequentgenerationofturbulencewithtithetestsection,
forexsm@e,turbulencepropagatedalongMch ltiesby thefluctuations
intheturbulenttunnel-wallboundarylayer.
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Heat-transfereffectsdueto differencesin-walltaqeraturewide
andoutsidethemodelarenegligiblesincethecalculatedwalltemperatures
clifferedby only3°F, anda themal.insulatingbushingwasinterposed
betweenthetier andouterwalls.Likewise,thetest-sectionl@chnum-
bervariationwithReynoldsnumberperinchwasonly+Q.01witha mean
valueof3.12.Thepossibilityofprematuretransitioncausedby shock
wavesintheflowisconsideredremete,sincethelead@g-edgeshock
andthoseofftheroughnesselementsweregenerallyreflectedbackonthe
modelatsubstantialtistancesdownstreamofthetransitionpetit.Other
shockwavesintheflowwereof smallerconsequence.

Slightvariationsh theleading-edgeshapecausedby dust-particle
tiptigementwereresponsibleforsmallchangesinthetransitionposition.
Theeffectofsuchvariationswasndnimizedby a day-to-dayremovalof
leading-edgeburrswithan otitone.

It isthereforeconcludedthattheeffectsofpressuregradient,
heattransfer,lkchnunbervariation,shockdisturbances,andleading-
edge-thicknessvariationsplayedno @ortant part3nlocatingtransition
inthepresentexperhnents.b viewofthequestionablenatureofthe
turbulenceintensityh thetestsection,however,thespecificeffect
ofturbulencelevelontrsmsitioncouldnotbe deterndnedinthepresent
investigation.

RESULTSANDDISCUSSION

Beforepresenttigtheprincipalresultsofthistivestigation,it
isnecessaryto establisha relstionbetweentheobsenedsurface-
temperaturedistributionandthelocationofthetransitionpofit.Ref-
erence1 givesa methodfordeffiingthestartoftransitionona cone
Whenthesurface-temperaturedistributionisknown;thismaybe iJJus-
tratedwiththeaidoffigure4. Oneofthecurvesisa typicalrecovery-
factordistributionfora 10°included-anglecone(ref.2). Thestart
oftransitionasdefinedinreference1 correspondstotheintersection
atpointA, whichisthepointwheretherecoverytemperaturebeginsa
sharpriseafterhavingmaintaineda relativelyconstantlaminarvalue.

A typicalrecovery-factordistributionforthecylindersshownin
figure5 displaysa differentbehaviorfromthatobserved-onthecone,
however.Becauseofthepeculiarvariation3nrecovevfactoronthe
forwardportionofthecylinder,it isdoubtfulwhethera locationfor
thestartoftransitionasdefinedinreference1 couldbe obtainedfrom
thisdistribution.The~dual risein recoveryfactorontheforward
partofthecylinderhassuggestedthepossibilityofheat-conduction
effectsalongtheouterstainless-steelshell.Theresultofa heat-
transfercalculationto evaluatetheseeffectsshowed,however,that
theycouldnotaccountforthegradualrisein~mfacetemperature.
Furthermore,structuraldifferencesbetweentheconeandthecylinder

,
—.— .-. .— —.s —___
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werenot greatenoughto causelargedifferencesinheattransferby con- .
duction. Thereasonforthegradualriseintherecove~factoronthe
forwardportionofthecyltiderhasnotyetbeenestablished.‘Although
thecylinderwastestedinthessmeairstreamasthecone,thelocalair
stresmovertherespectivesurfaces(andhencethelocalturbfiencelevel)
mayhavebeensufficientlydifferentto causethedifferenttemperature
distributions.Anotherpossibilityisthatthisphenmnenonmaybe associ-
atedwithdisturbancesoftheboundarylayerproducedby theleadingedge,
becausetheleadingedgeconstitutesthechiefdifferencebetweencylinder
andconegeometry. KNm

Despitetheunexplainednatureofthetemperaturedistribution,
however,comparisonofthetransition-petitlocationobtainedfrm
schlierenphotographsindicatesthatthetemperaturepeakcorresponds
verycloselytothemostprobablelocationofthetransitionpointob-
tainedfromtheschlierenobservations.Thistemperature-peaklocation
will.thereforebe assumedtobe a sigdficantpointh thetransition
pncessandwiUbe referredtoasthetransitionpoint.

Recovery-factordistribtiionwithoutroughess.- Temperaturere-
coveryfactorsR alongthecylinderareplottedinfigure5 forsev-
eralvaluesofReynoldsnuderperinch.Theserecoveryfactorswere
obtainedalongthebottomofthemcdelandmaybe takenastypicalof
thedistributionsfoundalongsixothercyltidergenerators.Theonly
signific=tdifferencenotedalongthevariousgeneratorswasa slight
forwarddisplacementofthetemperaturepeakonthesideofthemodel
refitivetothetopandbottom.

bcludedinfigure5 forcomparisonarethetheoreticallsminarand
turbulentrecoveryfactors.Thelam3narrecoveryfactorwascomputed
fromtheequation

R=+=
wherethePrandtlnumberPr wasevaluatedatan.%rithmeticmeantem-
peraturebetweenthestreamstaticandwalJvalues.Thisgavea value
ofPr= 0.740and R = 0.860.Turbulentrecoveryfactorswere f und

1?framtheanalysisofreference12,withtheassumptionofa l/7t power
turbulentvelocityprofileandwiththePrandtlnuniberagainevaluated
atthearithmeticmeantemperature.Theturbulentrecoveryfactorwas
foundtobe 0.885.

Figure5 indicatesthattheexper-tal lsminarrecoveryfactors
arehigherthantheoreticalandthattheexperimentalturbulentrecovery
factorsaregenerdd.ylowerthantheoretic~.As theReynoldsnumber
perinchisMminished,theagreementbetweenexpertientandtheory

.

improvesinboththelaminarandturbulentregionsuntilat ~/v =
1.0il~ perinchthereislittledifferencebetweenthetwo. Also .
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indicatedinthe
photographs,and
temperaturepeaks,

figurearetransition
theseareallseento

locationsobtainedfrm schlieren
correspondrathercloselywiththe

Transitionwithoutroughness.- In orderto studyingreaterdetail
theshiftofthetransitionpointasthetunneldensitywasvaried,some
ofthetemperaturesurveysweremadeonlytithevicinityofthetemper-
aturepeaksbutat a largenuriiberofvaluesof u> The x locations
ofthetemperaturepeakalongthebottomandside-ofthecylinderasa
functionof u.Jv arepresentedinfigures6(a)aud(b],respectively.
Datafromseveralruns~e presentedineachfigureto illustratethe
degreeof consistencywhichwasmaintainedduringthecourseofthetest.
Differencesbetweenthevariousrunsareprobablycausedby smalldis-
placementsofthemodelaftermakingnecessaryadjustmentsandrepairs
orby acquiringsmallnicksintheleadingedgeduringa run. b no case
arethedifferencesintramitionlocationgreaterthan1.0tich.When
no nicks developedonthelead@ edgeandthemodelwasnotdisturbed
inanyway,transitionlocationscouldbe duplicatedfromdaytodaywith
anaccuracyofM.1 inch.Hencethismethodfordeterminingtransition
lcwationmaybe regardedasrelativelypreciseandhaving,inaddition,
elementsofdependabilityandsimplicity.

.
Thetransitionlocationsh figure6 showa downstreammovement

astheReynoldsnuuiberperinchisdiminished,a qualitativeresultto
be expected.At ~/V = 2x105perinch,a slightreversalinthemove-
mentoftramitionis apparent~particularlyforthedataonthebottom
ofthemodel(fig.6(a)).No explanationforthisreversalinthe
transition-pointmovementistiown.

Whenthetransitionlocationsinfigure6 areexpressedintermsof
thetransitionReynoldsnmiberR%, figure7 isobtained.Thisfigure
verifiesthedownwardtrendin Ret withdecreasesinReynoldsnumber
perinchnotedinreference3.“The= isalmosta three-foldreduction
in Ret fora seven-foldreductionh tunneldensity.Bothsetsof
datashowapproximatelythefollowingvariationintransitionReynolds
nuniber:

where
?
e valueofC is5100(in.)112forthetopofthemodeland4J.50

(In.)12 forthebottom.Thesetal.uesof .C arevalid,ofcourse,only
forthepresentinvestigationandshouldbe expectedtodifferforother
streamturbulencelevels,Jkchnumbers,leading-edgethiclmesses,andmodel
configurateions.

It isof interesttonotethatthevariationforthetransition
Reynoldsnumberexpressedby theaboveequationcanbe obtainedfrom
Taylor’shypothesisconcerntigtransitioninducedby fluctuatingpressure

.—. ... . . . _ —— ...— -z — — ———
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gradientsinthestreamturbulence(ref.13)providedtwoassumptionsare
made.Accordingto reference13,thefluctuating-pressure-gradientpara-
meter At forwhichtransitionona flatplatetakesplaceisgivenby

%

Thetwoassumptionsmadeinthepresentamalysissre(1)theturbulence
inthetestsectionhasa constsntvalueforalldensitylevels,and(2)
thecriticalvalueofthefluctuating-pressure-gradientparameterA’
fortransitionisa constant.Thefirstassumptionismadeinviewof
m.%3ere~*nce tothecontr~ md stitidberegtiedashypothetical.
Thesecondassumption,that A’ isa constantfortherangeofpresent
testconditions,hasbeenmadeinlow-speedflowexperiments(e.g.,
ref.5)wherecorrelationoftransitionlocationshastherebybeenob-
tatied.MakingtheaboveassumptionsandtakingL,thetunnelscreen
meshsize,asa constantyieldthefollowingexpression:

whichisidenticaltothevariationoftransitionReynoldsnuniberfound
experimentally. .

w
An interestingccqarisonofsomeindependentdataobtainedona

cylindersimilartotheoneinvestigatedherein(ref.14)isincluded
infigure7(a).Thesetitswereobtainedat S3XMachnunibersrangtig
frcm2.15to 5.01ina 40-by 40-centimeterblowdowntunnelhavingstag-
nationpressuresequalto atispheric.Therathercoummnassumptionis
madeinreference14thatvariationsinthetransitionReynoldsnumber
aretheresultofchangesinMachnuuiber.Figure7(a)showsthatthe
variationsin R% canbe correlatedwiththepresentresultswhen
plottedagainst@. Consequently,itappearsthattheinfluenceof
streamReynoldsnuniberon transitionmaybemoresignificantthanthe
effectofWch number. .

Transitioncausedby roughness.- Theteqeraturemeasuringtech-
niqueusedabovetofindthelocatimofthetransitionpetitwithout
ro@ess wasfoundequalJysatisfacto~whentransition-wascausedby
singlesurfaceroughnesselements.Againschlierensparkphotographs
indicatedthatthemostprobabletransitionlocationcoincidedwiththe
observedtemperaturepeaks.

Trmsition-pointlocationsobtainedfrompeakt~e~tme ~s~e-
mentsasa functionofReynoldsnuuiberperinch &/v aregiveninfig-
ure8 forS3Xelementsizes(k= 0.005,0.010,0.020,0..032,0.052,and
0.079in.) locatedatvariouspositionsalongthemodel.Alsoincluded
sretransition-pointlocationsforzeroroughness(indicatedby solid
curves). Thesecurveswereobtainedfrcxudatatakenatayproxhately

.

.
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thesametimethatthe-correspondingroughnessdatawereobtained.The
variationsinthezero-roughnesscurvesfromonefiguretothenextcor-
respondto$hevariationsnotedinfigure6.

Certaingeneraltrendsmaybe deducedfromthesefigures.As inthe
caseforzeroroughness,decreaqesin w/v causeddownstreammovement
ofthetransitionpoint.Exceptionstothisbehavioroccurredwhen
transitionwouldtendtoremainfixedattheroughnesselementfora
certainrangeof %/v beforemovingdownstreamwithreductionsin
uJv .

Foranelement.initiallylocatedupstreamofthetransitionpoint,
anymovementoftheelementtowardtheleadingedgeproducedanupstream
movementofthetransitionpoint.An elementlocateddownstreamofthe
transitionpoint,however,hadno effectontransition,thatis,the
transitionpointhadthesamelocationasforthecaseofzeroroughness.

Anothertrendtobe notedisthatanyincreaseinthesizeofthe
roughnesselementinitiallylocatedupstreamofthetransitionpoint
produceda displacementofthetransitionpointtowardtheleadingedge
untilitreachedtheelement.Again,iftheelementsizewerevaried
whentheelementwasintheturbulentregion,noeffectonthetransi-
tionpointwasnoted.

Mostoftheabovetrendsmaybe anticipatedfromtransitionexperi-
mentsatlowspeeds(e.g.,refs.5, 6,and8). An exceptiontothese
trendswasfoundinreference7,whereitwasconjecturedthatthelo-
cationoftheroughnesselementhadnoeffectontransitionlocation;
onlythesizeoftheelementwasofimportance.Thepresentdataindi-
cateclearlythatboththesizeandthelocationoftheelementhave
largeeffectsinpositioningtransition.

Certainpeculiaritiesinthedataoffigure8 shouldbe noted.The
inflectionpointat u~v = 2Xl& perinchforthecaseof zeroroughness
tendstopersisteventhoughtransitionisdisplacedconsiderablyby the
roughnesselement.Thismaybe seeninfigure8(d)forthe0.032-inch
elementat xk= 6.0inches.Infigures8(a),(b),and(c)itseems
thatthevalueof %/v = 2.OXl@perinchisa lowerboundbeyondwhich
itbecomesmoredifficulttoaffecttransitionwiththesmallersizes
ofroughnesselements,regardlessofhowfarforwardtheyaremoved.

Anotheranomalywhichcontradictsoneoftheaforementionedgenersl
trendswas an occasionalslightincreasein < whentheelementwas
placedintheturbulentregion(~ >x.@. An exampleofthisoccurred
infigure8(c)forthe0.020-inchelementlocatedat xk= 8.0 inchesat
valuesof ua/v>3xl&perinch.Sincethiswasa relativelyrsrebehavior,
itwasdisregardedintheanalysiswhichfollows,andtransitionwas
assumedtobe unaffectedby roughnesselementslocatedintheturbulent
boundarylayer.Suchpeculiaritiesinbehaviormayhavebeencausedby
slightchangesinleading-edgeshapeduringa particulartestrun.

. . . ,——-. ____ __ —— —.— -—..— .– .—
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Onemorepeculiarityinthesedatadeservesnotice.Whenevertran-
sitionapproachedclosetoan element,itbecamedifficultto separate

.

thetemperaturerisecausedby theelementandthatcausedbytransition.
Hence,thetemperaturepeakoccasionallybecamefixedat theelement
and ~ appearedtohavea largervaluethanwithzeroroughness.In
this@iguous caseitwasassumedfortheanslysisofthedatawhich
followsthattransitionneveroccurreddownstreamofthezero-disturbance
location.

Analysisofroughnessresults.- Twoofthecriterionsthathave
beenproposedinthelaw-speedtransitionliteratureforfindingthe
minimum-sizeelementnecessarytoestablishtransitionattheroughness
elementareexpressedby theformulas

to
F
mlm

and

Thevelocityintheabsence
surfaceisdenotedby ~.
thetransitionpointandis

kuJv = C2

oftheelementattheheightk abovethe
Thequantityu. istheshearvelocityat
definedby “

(Thephysicalquantitiesappesringinthisandthesubsequentroughness
analysisareshowninfig.9.) Typicalvaluesof c1 and C2 givenfor
low-speedresultsare

c1- 400 (refs.4 and5)

13<C2<20 (refs.7 and8)

Analogously,criteriahavebeengivenforfindingtheminimum-size
roughnesselementwhichaffectsthenatural(zeroroughness)locationof
transition.Reference7 proposesa valueof C2= 7 fromdataobtained
atlowspeeds.Theabovecriteriaapplyonlytoroughnesselements
batinga circularcrosssection(-es). Substitutionofa smoothly
shapedbulgeorhollowofequslheightfora wireelementmayincrease
theabovevaluestenfold(ref.4). Likewise,substitutionofsquaresec-
tionalelementsofequalheightmaydecreasetheaboveconstantsbecause
ofa largerdisturbingeffectontransition.

Infigures10and11 arepresented”valuesof ku./v and &/v

/againstu= v
werecomputed

obtainedfromthedata
by usingtheequation

offigure8. V~ues of kuJv
.

.

.

—— .- .
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(1)

When k < 5k, u
&

was obtainedfromtheflat-plateboundary-layersolution
ofreference . Thesolidsymbolsdenoteminimum-sizeelementto estab-
lishtransitioriattheelement;theopensymbolsdenoteminimum-size
elementwhichaffectsthenaturallocationofthetransitionpoint.

Theresults offigures10 and11 exhibitlargevariationsin ku@
and ~/v forchangesintheparametersUJV and k. Thelarge
variationwith u~/v iscausedby thefailureofthetwocriterionsto
takeintoaccountthenaturallocationoftransitionwithoutroughness
elements.Thevariationwiththeparameterk aloneindicatesthat
theroughnessheightshouldenternotasanabsolutelineardimension
butasa ratiowiththeboundary-layerthickness.A comparisonwiththe
low-speedresultsshowsabsolutelyno agreement.Thevaluesof kuk/v
and ku~v foundfor M= 3.12 arefrom5 to100timesaslargeas
thosecommonlyacceptedatlowspeeti”.

A correlationbasedona variatiopofoneoftheaboveparameters
hasbeensuggested.Iftheelementsize k isomittedintheparameter
~/v plottedinfigure11,anapparentstraight-linerelation(ona
logarithmicplot)isfoundto existbetween~/v and %/v . The
resultingplotapproximatelyrepresentsthecorrelationoffigure7 but
indifferentnotation.However,thedetailedbehaviorofthepointsfor
theminimum-sizeelementrequiredtof

?
transitionattheelementis

maskedby theinsensitivityof (1/~)14 (eq.(1))to changesintheloca-
tionofthetransitionpo<nt.Inaddition,sucha correlationhasno
physicalsignificanceinsofarastheeffectofroughness-elementsize
ontransitionlocationis concerned.

Whereas the foregoing analyses consider only the maximum and mini-
mum effects of roughness on transition, several attempts have been made
to correlate intermediate effects as well. Rather recent attempts at
correlation are given in references 6, 7,9)16,and17. Thecorrelation
proyosedinreference7 hasalreadybeendismissedbecauseitattributed
no significancetotheelementlocation.Reference9,whichisan adap-
tationofTaylor’shypothesistoroughness-inducedtransition,proposed
a’correlationobtainedwithlow-speeddatawhichwastestedwith”the
presentdataforthe0.052-inchelementonly.Thisattemptat correlation
wasunsuccessful.

Thecorrelationproposedby Drydeninreference6 andwhichwas
checkedindependentlywith.resultspresentedinreference17forlow-speed
flowsand,inreference16 toa verylimitedde~eeforhigh-speedflows
wasappliedtothepresentdata. Thiscorrelationis expressedby the
followingequation:

. . -- —. ..———z —— -.-—.._ . ..—- —- —— -— ——. -—-
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(2)

wherethesubscriptO referstothezero-roughnesstransitionandthe
remainingtermsaredefinedinfigure9. Thedisplacementthicknessat
theelement51 istakentobe thetheoreticallaminarvalueasgiven
by reference15.

Thedataoffigure8 srepresentedinfigure12 intermsofthe m

dependentandindependentvariablesofthecorrelatingequation(2). LK1
Theseres@tsindicatethatthegeneraltrendofthelow-speedcorrela-
tio~ofreference6 ispreserved,butthattherelativeroughnesssize
k/~ requiredtoproducea givenrelativedisplacement~/xt o ofthe
transitionpointis increasedconsiderably.Somedifferences!nthe
detailedvariationoftheparametersdeservenotice,however.

Infigure12(a),forexample,a differentbehaviorforeachposition
ofthe0.005-inchwireisindicated.As the@e ismovedforward,it
becomeslesseffectiveinpromoting’transition.Thisbehaviorispar-
tia+lytheresultofthetheoreticallaminarboundarylayerbeingsub-
stantiallythinnerthantheexperimentalatlocationsneartheleading
edge,resultinginvaluesof k/~ lowerthantheoretical.Thisthick-
eningofthe-laminarboundarylayerneartheleadingedgewasreported
inreference3 andwasratherextensivelyinvestigatedinreference18.
Inbothcasesitwasassociatedwiththedegreeofbluntnessofthe
leadingedge.Additionalevidenceofsuchan effectisapparentinthe
remainingfigureswheretheexperimentalcurvestendto shifttowardthe
rightas theelementisplaced”closertotheleadingedge.An attempt
to correlatethedataforthe0.052-inchelementby usingthebest
availableestimateoftheexperimentaldisplacementthicknessinthe
roughnessparameterresultedinonlya partial.improvementinthealine-
mentoftheresultsoffigure12(e).Thisbehaviorsuggeststhatad-
ditionalfactorsareinfluencing-theeffectivenessoftheroughness
elements.

-.

Anotheranomalyintheresultsistheinitialhumpattheleftof
someoftheexperimentalcurves.Thismaybe notedinfigures12(c),
(d),and-(e).Thepeakinthesecurvesoccursat uJv - 2.0X105yer
inch,whichisthevalueatwhichtheinflectionpointoccurredinfigures
6 and8. ?!bismaybe consideredasa valueof u~v atwhichthe
transitionlocationwasparticularlystablewithrespecttoroughness
disturbances.

A thirdtrendintheresultswhichbearsexplanationistherisein .

R@et,o attheright-handextrtityofallthecurvesoffigures12(e)
and(f)andsomeofthecurvesoffigures12(c)and(d). Thisportion .

—
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.

of thecurvescorresponds to transition being established at
as was pointed out in the low-syeed results of reference 6.

theelement
Someofthese

curves rise to a value of Ret-et ~ equal to unity, which means that
the element is in a Wy turbulent region and has no further effect on
thetransition-pointlocation.

This discussion offigure12hasindicatedthat,whilethereare
somedetailedtrendspresentwhichareunexplainedby thecorrelation
ofreference6,theover-alltrendis inthedirectionofthelow-speed
results.Figure13 showstheapproximateareaintowhichtheresultsof
figure12fall.Theright-sidebranches(fig.12)wheretransitionwas
fixedattheelementorwheretheelementwasina turbulentregionhave
beenomittedinpreparingthisfigure.kcludedforcomparisoninfigure
13 isthecurveofreference6 obtainedforlow-speedflows.Comparison
ofthehigh-andlow-speedresultsindicatesthata roughnessparameter
k/5~ threeto seventimesaslargeasforthelow-speedcaseisrequired
toproducea givenvalueofthetransitionReynoldsnumberratioatMach
3.12fortheparticularcylindermodeltested.Thespreadinthehigh-
speeddataoffigure13 seemstoindicatethat;while k/~* isthepri-
maryindependentvariable,
to correlatethedatainto

additionalparametersappearto”benecessary
a singlecurve.

SUMMARYOFRESULTS

Surface-temperaturemeasurementsandhigh-speedschlierenphotographs
wereusedtostudytransitionona cylindricalmodelalinedparallelto
theairstream.Themodelwastestedina supersonicwindtunnelat
Mach3.12withandwithoutsingleroughnesselements.Themainresults

. ofthestudymaybe summarizedasfollows:

1.Themeanlocationofthetransitionpointobservedinthe
schlierenphotographscorrespondedtothelocationofthenmdmumtem-
peratureonthemodelsurface.Thetemperatureriseleadingtothemax-
imumsurfacetemperaturewasmoregradualforthecy+inderthanfora 10°
included-anglecone.

2.TheReynoldsnumberoftransitionforzeroroughnesswasfound
to increasewithincreasesintest-sectionReynoldsnumberperinch
accordingtotheequation

Ret= C~~

where u=/v istheReynoldsnumberperinchand C isa numericalcon-
stant.Thisexpressionwasalsofoundtoagreeapproximatelywithcertain
previouslypublishedresultii“nwhichthestreamMch numberwasvaried;
consequentlyitapyearsthatthetransitionReynoldsnumbermaybemore
significantlyinfluencedby tunnelReynoldsnumberthanby tunnelMach
number.
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3. Ofh thelow-speedcriteriausedtopredicttheeffectof single
roughnesselements,onlyDryden’slow-speedcorrelationpsrameterpredicts -
a trendwhichisconsistentwiththeyresentresults.Forthepresent
experiment,however,D@en’.sroughnessparameterk/~ mustbe in-
creasedthreeto seventimesto obtaina transitionReynoldsnuniberratio
equivalenttothatfoundatlowspeeds.-~e ’spreadintheresultssug-
geststhatparametersinadditionto
single-curvecorrelation.
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